Abstract-This paper develops the coordination of a loadshedding scheme for a large industrial customer with several cogenerator units. A detailed description of each design procedure is included. The loads are tripped by the underfrequency relays, to prevent the power system from collapse when the plant becomes isolated, due to a utility service outage. Different system fault cases have been selected to derive the proper formulation of a load-shedding scheme, according to the historical operation records. The key factors, such as frequency settings, number of load-shedding steps, size and location of the loads to be tripped, relay time delay, and the coordination with the generator protection scheme, were examined through the simulation of the transient stability program. The proper load-shedding scheme has been designed, and the related hardware has been installed in the plant, to keep the system from blackout when the disturbance occurs.
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I. INTRODUCTION

F
OR the steady-state operation of a power system, the total input mechanical power of all generators has to be equal to the sum of total connected loads and system loss. When the disturbance upsets the power balance, the system frequency will begin to change. This is the major concern of customers with cogeneration, when the tie line with the utility is suddenly tripped, due to external faults. The plant may be completely shutdown in the worst conditions, when the total plant load is much larger than the power output of cogenerator units. To avoid a possible system collapse, it is necessary to curtail partial loads in the plant, to maintain the balance between available generation and load, as well as to restore the system frequency. Underfrequency relays, which are distributed throughout the system, can be set to detect the decline of frequency and react automatically to drop the predetermined loads. The amount of loads to be shed should be determined to ensure that the system frequency can be recovered for the worst possible contingency.
The problem of a load-shedding scheme has been studied by the China Steel Corporation (CSC) for the historical Taipower system faults, which had caused tie line outages and resulted in a total plant blackout. To solve the contingency, due to generation deficiency after the plant becomes isolated from the utility, a proper load-shedding scheme [1] through the operation of the underfrequency relays was designed and installed by the CSC many years ago. However, in December 1992, a ground fault occurred in another industrial customer, which is served by the same substation, and the CSC power system suffered a blackout once more. The accident was investigated extensively, and it was found that the loadshedding scheme had not been modified according to the new system configuration, because of plant expansion during the past several years. This paper presents a project to solve the load-shedding scheme for the plant, through the analysis of the transient stability, by considering the special machine modeling and load characteristics.
II. SYSTEM DESCRIPTION
CSC is the largest integrated steelmaking facility in Taiwan and produces about 6 million tons of steel annually, with more than ten different kinds of steel products, involving a great number of processes, such as ironmaking, steelmaking, rolling, etc., for converting iron into finished products. Fig. 1 shows the one-line diagram of the study power system, which consists of both the CSC and external Taipower systems. The Nankung substation receives electric power from the Talin 0093-9994/97$10.00 © 1997 IEEE thermal generation plant with total generation capacity of 975 MVA and connects to Kaukang EHV substation through three 161-kV circuits. At the same time, the Nankung substation supplies electric power to CSC through double 161-kV circuits and serves many large industrial customers with either 69-or 161-kV circuits. In this steel plant, there are ten generation units with a total capacity rating of 446 MVA, to supply the partial plant-load demand, while the power deficiency is then supplied by the Taipower system most of the time. In Fig.  1 , G1-G3 are the three large coal units in the Talin power station near CSC, and G4 is the equivalent unit, which is used to represent the rest of the Taipower system. For the CSC plant, the process by-product gases, such as coke-oven gas, blast furnace gas, and basic oxygen furnace gas, are mixed with coal or oil, as multiple fuels, to generate steam of the common-pressure header boiler system for the cogeneration units G5-G11. Units G12 and G13 make use of the highpressure exhaust gas to produce electricity by the top-pressure recovery turbines (TRT's), while unit G14 is a coke dryquenching (CDQ)-type generator, which uses the waste heat as the energy source. From the economic and security viewpoints, all the generators in the plant are not fully loaded and the maximum total generation is about 340 MW, which means that 12% of generation capacity is used as a spinning reserve.
For the CSC power system, the daily peak demand is about 425 MW, and the system load is varied dramatically and irregularly, due to the operation of the rolling mills. Fig. 2 shows the load variation of the hot strip mill during a 15-min time interval. Since a very high percentage of the plant load has been supplied by the Taipower system, the loss of tie line due to external faults will result in a serious disturbance problem in the CSC system, because of an abrupt imbalance of generation and load demand in the plant. According to the CSC operation record, the frequency of the isolated system will decline very quickly, and the cogenerator units will be tripped, because of the failure of the generator auxiliary equipment. Therefore, it is very important to maintain the critical loads, such as boilers, blast furnaces, basic oxygen furnaces, etc., from suffering shutdown during the emergency state.
III. SYSTEM MODELING
To simulate the transient behavior of a power system, which is composed of generation, transmission, and load, the modeling of the apparatus must be derived. The apparatus that is modeled can be divided into four categories: 1) synchronous machines; 2) automatic voltage-regulating (AVR) systems; 3) governor-turbine systems; and 4) load.
A. Generator Models
All the generators in this study system are divided into two groups. Units G1-G3 and G10-G14 are represented by more detailed models, with transient and subtransient circuits on both the direct and quadrate axes. On the other hand, units G5-G9 are represented by considering only the transient circuit on both axes. For the equivalent generator unit of the Taipower system, G4 at bus 6, it is considered as a swing power source, and the machine model is represented by a constant voltage source behind the direct axis transient reactance, because of the rather large inertia, as compared with the other generation units in the system. Here, the inertia constant of the equivalent Taipower system is solved to be 1000 s on the system base of 100 MVA by (1)
B. Exciter Models
The excitation systems of all generators correspond to IEEE type 1-3 exciter models [2] . The power system stabilizers (PSS's) are not used, while the saturation effect of excitation systems is included and expressed as an exponential function of field winding voltage (EFD) [3] .
C. Governor Models
The IEEE standard governor model, as shown in Fig 
D. Load Models
Proper representation of load dynamic characteristics is a rather critical issue for transient stability analysis and has been identified by numerous articles [4] , [5] . However, a conventional load model, as shown in (2) and (3), has been adopted in this study, to represent the CSC load behavior on voltage magnitude as polynomial equations (2) (3) where and represent the percentage of real power load for constant power, constant current, and constant impedance, respectively. In (2) and (3), the base values and are normally taken as the initial operating condition. Although the system frequency will also influence the load with a typical 2% reduction in load for 1% frequency reduction [6] and this phenomenon will relieve the overload and improve system stability, it is neglected in the load model for the more conservative strategy. For the CSC, most of the power demand is consumed by both ac and dc motors. According to the operation characteristics of various motor types, the decision has been made that the dc motors, which are controlled with electronic devices, are treated as constant power load, while the operating voltages above the 480-V and the 3.3-kV ac motors are considered as constant impedance and constant current load, respectively. Table I gives the coefficients of the static load model for each load bus and the Taipower Nankung substation [7] . It is noted that the coefficients are determined by field investigation, according to the load composition of various types of motors used.
IV. FORMULATION OF LOAD-SHEDDING SCHEME
A. Maximizing the Anticipated Overload
Although the selection of the maximum anticipated overload value is completely arbitrary for the stability analysis of industrial customers, it is the most important factor in the decision of the load-shedding scheme, since all the other steps will be affected greatly with this overload value determination. A well-planned load-shedding scheme should be capable of handling the frequency decline for the maximum anticipated overload, to avoid a power system blackout. Of course, the scheme should also be able to keep the isolated system in stable operation for any load-flow condition, after the tie line has been tripped. According to the operation records, the maximum electric power which CSC has ever purchased from Taipower is 162 MW, when one of the largest generators, G11, is out of service. The load demand, shunt capacitor, and power generation at each bus under the maximum overload condition are also shown in Table I . To achieve a more conservative strategy, another generator unit, G10, with a rating of 75 MVA is assumed to be tripped during the transient stability simulation, and the maximum anticipated overload is modified as 212 MW, for the design of the load-shedding scheme in this paper.
B. Choosing the Number of Load-Shedding Steps
Theoretically, the load to be tripped should be large enough to compensate for the maximum anticipated overload at one load-shedding step. Nevertheless, more load than necessary may be disconnected for less severe overload by this strategy. On the other hand, it may result in a coordination problem among protective relays if too many load-shedding steps are involved. For this reason, a typical load-shedding strategy with four shedding steps [8] was ultimately adopted in this study [9] . For the CSC power system, a three-step load-shedding scheme will be sufficient to solve the maximum overload, and step 4 is initiated only for backup purposes.
C. Determining the Tripping Frequency of Tie Line and Each Shedding Step
The selection of the frequency to trip the tie line and the frequency to drop load for each load-shedding step are highly dependent on the cumulative OFF frequency of the TABLE II  LOAD TO BE SHED AT EACH STEP   TABLE III  LOAD TO BE TRIPPED DUE TO LOW VOLTAGE generator turbine units. There exists a possibility that the turbine blade may be damaged if the frequency setting of protective relays does not take into account this important factor. According to the stability analysis performed in this study, it is suggested that the tie-line protection settings are 58.6 Hz for underfrequency and 61.5 Hz for overfrequency, respectively. Underfrequency relays settings for the first-step load shedding will be activated simultaneously upon loss of the tie line, while the second-, third-, and fourth-step load shedding are 58.3, 57.8, and 57.3 Hz, respectively, with 0.1 s time delay.
D. Selecting the Load to Be Shed at Each Step
The priority of load service is investigated in this paper, and the following should be considered to be candidates for load shedding: 1) load with large power-demand variation, such as rolling mills; 2) equipment should not be damaged and employees should not be hurt due to the power outage; and 3) load with less economic benefit. Table II shows the bus locations and corresponding load to be dropped at each load-shedding step for the CSC system. Since the bus power demand is dependent on bus voltage, a percentage of shedding load is expressed in this table. For example, the original load of bus 18 (AKA) is 12 MW and the load model coefficients in (2) are 0.5, 0.2, and 0.3 for constant power, constant current, and constant impedance, respectively. Because 6-MW constant power load and 1.7-MW constant current load have been chosen to be shed, they can be expressed as Const. power load shedding (%) (4) Const. current load shedding (%) (5) which means that 100% of the constant power load and 71% of the constant current load have to be shed. Besides, a total amount of load shedding relative to the initial voltage condition at each load bus is also presented in the table, for reference.
E. Special Considerations
1) According to the actual CSC operation experience, a lot of loads with adjustable-speed drives, which are controlled with power electronic devices and modeled as constant power load, may fall out of operation automatically when the service voltage falls below about 70% of rated voltage. In this paper, this special type of load is incorporated into the loadshedding scheme and is considered as step 0, as shown in Table III . There are 126.3-MW loads which will be tripped automatically, due to low voltage occurrence. Because these loads are scheduled to also be shed within steps 1-3, the total load shedding at each step is modified as 126. 3, 146.7, 190.8, 215 .1, and 252.2 MW for steps 0-4, respectively.
2) The loads of powerhouse 1 (bus 23, 2KA) and powerhouse 2 (bus 35, BKA ) are extremely important, because of the auxiliary control power sources it provides for the steam boilers. Due to the common-header steam system, the loss of these two buses' loads will not only affect the electric output of generators G7 and G8, but will also induce the tripping of generators G5-G11, which are located at other buses. The total load demand of the two buses is varied between 25-30 MW, and the generators G7 and G8 with ratings of 37.5 MVA are controlled to match the local load requirement. CSC has made a decision on isolating the two buses quickly from the rest of the power system by the frequency relays, to take good care of such critical loads during the system disturbance. By the stability analysis [9] , a trial-and-error method was used to determine the bus-isolating function frequencies as 58.6 Hz for underfrequency and 61 Hz for overfrequency.
V. TRANSIENT STABILITY ANALYSIS
In this study, the CYMSTAB software program [10] has been applied to help formulate the load-shedding scheme by executing the transient stability analysis. It not only provides the capability for the user to select the proper models for generators, governors, and exciters from the building library, but also allows the user to define the most accurate models by "User Defined Modeling (UDM)" [10] , if the specific model is required and cannot be found in the library.
Three different types of external system disturbances are used to simulate the stability analysis. The initial load flow based on the maximum anticipated overload condition, as shown in Table I , is solved for the stability analysis. In addition, the special load which will be tripped automatically due to low service voltage, as described in Section IV, is also included in the load-shedding scheme. For all the case studies, a three-phase ground fault is assumed to have occurred at 0.08 s, and the 75-MVA steam-turbine generator G10 is also assumed to be tripped during the simulation process, to achieve a more conservative result. Because there are many protective relays, such as out-of-step, loss-of-field, reverse power, overfrequency, underfrequency, etc., to prevent the generators from suffering damage under abnormal operation conditions, the relay settings of the generators will be examined carefully in each case study, to ensure the generator units from tripping.
A. Case 1
In this case study, a three-phase fault at Nankung substation has been assumed and it will be cleared by the bus-protection relay with a delay time of 0.3 s. If the bus-protection relay does not work properly, the directional overcurrent relay for the CSC tie-line protection will be operated about 1.2 s after the fault occurrence. With the tie line tripped, the CSC becomes an isolated power system, and the frequency will decline rapidly. Figs. 5 and 6 show the response of frequencies and voltage magnitudes at buses 9, 23, and 35, respectively, while the mechanical output power of the generator turbines are solved, as shown in Fig. 7 . From these figures, the following is found.
1) Only two load-shedding steps are required to recover the system frequency. The step 1 and 2 load shedding are executed at 2.05 and 2.15 s, respectively. Furthermore, buses 23 and 35 will be disconnected from the rest of the CSC system at 1.98, resulting in three isolated subsystems.
2) The frequencies of these three subsystems will reach a stable state, although there is a little frequency deviation at bus 9. 3) Due to the governor action, the mechanical power output of all generators hits the upper limit for a time period and reaches the value which is larger than the initial value. 4) Although the voltage magnitudes at these three subsystems change greatly, they are still acceptable during the study time interval. 5) After executing the load-shedding steps, the generator units are operated at a new stable state, as illustrated in Fig. 8 , in which the rotor angles of the generators with respect to the system reference bus (bus 9) are plotted.
B. Case 2
In this case study, it is assumed that both CSC and Nankung substation are isolated from the rest of the Taipower system after the fault is cleared at 0.75 s. It is found that partial CSC generation will flow toward the other industrial consumers, which are originally served by the Taipower Nankung substation, and result in a more severe overload condition before the tie line is tripped. The decay rate of system frequency is about 5.2 Hz/s, which is much larger than that of Case 1. Because the system frequency declined so quickly, the governors do not have sufficient time to adjust the steam valves by leaving the spinning reserve untapped. To solve this problem, three steps of the load-shedding scheme are necessary to keep the system from blackout, as shown in Fig. 9 . Buses 23 and 35 are disconnected from the rest of the CSC system at 1.27 s, and the tie line is tripped at 1.33 s.
Step 1 load shedding is executed as the tie line tripped and steps 2 and 3 are operated at 1.40 and 1.48 s, respectively.
C. Case 3
This case study represents an actual single-phase ground fault which occurred at bus 7 on Dec. 7, 1992, which resulted in a total blackout of the CSC power system. The contingency had been investigated by Taipower. After the fault occurred, two of the three circuit lines between Nankung and Kaukang substations were tripped at 7.5 cycle, while the other circuit line was tripped at 10 cycle. It was caused by the misoperation of the pilot wire relays, due to high induced voltage on the pilot wires. The fault was transformed into double-phase ground before it was cleared at 30 cycle by the directional overcurrent relay, which is installed between Nankung substation and bus 7. Fig. 10 shows the voltage at Nankung substation, the current flow between Nankung and Kaukang, and the current flow between Nankung and Talin, which were measured by the V/I recorders. The CSC system, Nankung substation, and Talin generation station became isolated from the rest of the Taipower system, with total generation much larger than the load demand. The system frequency rose very quickly and triggered the overfrequency protection relays of G1 and G2 at 63 Hz. Fig. 11 shows the system frequency and voltage magnitude by computer simulation during the first 10 s. A stable operation may be maintained, as shown in the figure. However, the power swing phenomenon was sustained over a 10-min time period, and the total system blackout occurred after generator G3 was tripped manually, due to low frequency, because the great disturbance was again introduced by the simultaneous load restoration of the industrial customers in the isolation system during this time period.
To solve this contingency, an overfrequency protection for CSC to trip the tie line with Taipower in time is absolutely necessary. The computer simulation of this case study is performed by assuming the three circuit lines between Nankung and Kaukang are tripped at 0.1 s after a ground fault occurred at bus 7. Fig. 12 shows the frequency response after applying the protective scheme. The system frequency starts to rise quickly, which will trigger the overfrequency relays, isolating the two powerhouse plants (buses 23 and 35) at 0.5 s and tripping the tie line at 0.67 s. The step 1 load-shedding scheme is initiated at the same time as the tie line is tripped, while steps 2 and 3 load shedding are executed at 1.73 and 1.9 s, respectively.
The motoring phenomenon of the CSC generator units before the tie line is tripped can be observed from the computer Fig. 13 . The electric power, reactive power, and mechanical power variation of generator G9 of case study 3. simulation, as shown in Fig. 13 . Although generator G9 consumes electric power in a duration of 0.35 s, this short-time motoring will not trigger the directional power relay of G9. To reduce the generator motoring and system disturbance, it is absolutely necessary to isolate the CSC system by tripping the tie line as soon as possible, to prevent the total system from blackout.
VI. CONCLUSION
A detailed procedure for the application of underfrequency relay to develop a suitable load-shedding scheme has been presented for a large integrated steelmaking industrial customer with a cogeneration facility. The software package CYMSTAB has been applied to perform the transient stability analysis to verify the effectiveness of the proposed load-shedding scheme. Most of the generators are represented by the standard IEEE models, which have been built into the program. For the special type of generators, the machine models are defined by the powerful UDM tool provided by the package. To improve the accuracy of system analysis, the special type of load, such as adjustable-speed drive which will be tripped automatically due to low voltage, is also included in the study. It is concluded that the load-shedding scheme proposed is very effective, and the load-shedding hardware has been installed to protect the critical loads from tripping during the system disturbance. Furthermore, it is necessary to perform the study procedure, as described in this paper, if the system configuration has been changed due to system expansion, so that the success of load shedding can be guaranteed.
